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Intracellular Delivery {#psc2649-sec-0001}
======================

Membranes are the most representative physiological barrier in our body and all living cells. Also, cellular organelles need membranes in order to maintain and to be protected by external microenvironmental damages. The plasma membrane is composed of tightly packed lipid molecules (including phospholipids, sphingolipids, and sterols), interdispersed with proteins that act as structural elements, transporters of nutrients, and environmental monitors. Membranes are selectively permeable, allowing the penetration of some substances but not others; in particular, they form a highly impermeable barrier to most polar and charged molecules and represent a physical barrier to drug absorption, limiting absorption to specific routes and mechanisms.

Therefore, one of the key requirements in both diagnosis and therapy of chronic diseases such as cancer is the efficient delivery of imaging agents and drugs to the target site. To do this, novel delivery tools are strongly required to increase their specificity and therapeutic index, respectively[1](#psc2649-bib-0001){ref-type="ref"}. A variety of bio‐drugs, including peptides and proteins, are now produced on a commercial scale and should be intracellularly delivered to exert their therapeutic action inside the cytoplasm or onto specific organelles. Cells poorly internalize most drugs because they cross the membrane rather inefficiently[2](#psc2649-bib-0002){ref-type="ref"}. Many treatments will not be active because drug concentration in the target disease site is not sufficient to generate a therapeutic effect. Moreover, a large amount of the drug is also delivered to normal tissues, which could result in severe side effects (low therapeutic index). Another important example is gene therapy. The latter is a method for the treatment or prevention of disease that uses genes to provide the patient with the genetic information necessary to produce specific therapeutic proteins required to correct or to modulate a disease using plasmids encoding for the proteins or down modulating the target through the use of interference methods, such as small interference RNAs (siRNA) or microRNAs [3](#psc2649-bib-0003){ref-type="ref"}. Key problems to overcome in gene therapy are both the delivery of the siRNA and the nucleic acid to specific locations within the body and the low plasma half‐life of nucleic acids.

Several methods exist for intracellular delivery of drugs or oligonucleotides and their choice strictly depends on the nature of the drug and on the specific place that has to be reached. Each method presents some advantages and disadvantages. For a delivery vector to be a promising tool for cellular uptake, both *in vitro* and *in vivo* have to be non‐toxic and non‐immunogenic. The uptake mechanism also plays a key role. Many vectors have been demonstrated to involve essentially endocytic mechanisms. However, endosomal entrapment can limit their activity; in fact, only a small quantity of the agent can escape this environment to achieve the specific desired biological site of action. Therefore, it is fundamental to exploit novel moieties and targeting systems that use different internalization mechanisms and represent alternative macromolecules of technological interest.

Plasmids may be incorporated into anionic or neutral liposomes to protect them against *in vivo* degradation and to enhance intracellular delivery. Different strategies have been developed in order to enhance the interaction and subsequent internalization of nanocarriers in the target cells.

In this light, pH‐sensitive liposomes are fusogenic at acidic pH and thus can be used to facilitate the endosomal disruption and subsequent release of plasmids in the cytoplasm. They usually consist of dioleoylphosphatidylethanolamine and a lipophilic anionic component. Another strategy is the development of proteoliposomes that incorporate viral proteins, fusogenic peptides, nuclear proteins, or nuclear localization peptides, which induce fusion of liposomes with the cell membranes and facilitate drug release and transport through the cytoplasm. In details, cationic lipids interact electrostatically with the negatively charged phosphate backbone of DNA, neutralizing the charges and promoting the condensation of DNA into a more compact structure. Usually, cationic lipids are mixed with a zwitterionic or neutral co‐lipid such as dioleoylphosphatidylethanolamine or cholesterol, respectively, to form liposomes or micelles. Cationic lipid‐based gene delivery systems lack target specificity, which results in low transfection efficiency in certain tissues due to the interference among cationic lipid‐binding macromolecules either in the circulation or in the extracellular matrix.

Another important concern in the treatment of human diseases is the crossing of physiological anatomic barriers such as blood--brain barrier (BBB). In fact, treatments of neurological disorders remain limited because of the inability of therapeutic agents to effectively cross the BBB that protects brain against invading organisms and unwanted substances and represents an obstacle for the penetration of drugs[4](#psc2649-bib-0004){ref-type="ref"}. Most strategies to transport drugs inside the CNS determine the disruption of the anatomical texture of the BBB, thus impairing its natural function. In particular, effective delivery approaches should be cautiously assessed considering their impact on the overall protective function of the BBB. At the moment, delivery strategies across the BBB can be divided in invasive and non‐invasive approaches; invasive approaches involve the temporary disruption of the BBB, the intraventricular, or the intracerebral administration, whereas non‐invasive approaches involve the intravenous administration of the drug coupled to the carrier, which undergoes a receptor or adsorptive‐mediated transcytosis or the intranasal route. On these bases, targeted delivery of a drug to the intended site of action in the brain represents one of most promising non‐invasive approaches to overcome BBB, combining the advantages of brain targeting, high incorporation capacity, reduction of side effects, and circumvention of the multidrug efflux system[5](#psc2649-bib-0005){ref-type="ref"}.

Viruses are Nanotechnological Device Examples of Intracellular Delivery {#psc2649-sec-0002}
=======================================================================

The example of nucleic acid delivery is illuminating in the fabrication of cell‐penetrating drug delivery systems. In this case, the efforts are addressed on how to introduce foreign nucleic acid or other pharmacological weapons into the cells. We can derive useful suggestions by understanding the virus infection process. In fact, viral carriers such as adenoviral vectors[6](#psc2649-bib-0006){ref-type="ref"} and retroviral/lentiviral vectors[7](#psc2649-bib-0007){ref-type="ref"}, [8](#psc2649-bib-0008){ref-type="ref"} were used for the first time in the past decades. They can bind their hosts and introduce their genetic or other organic materials into the target cells, thus mimicking an infectious process. Viral vectors are prepared removing the viral genome and substituting it with the therapeutic oligonucleotides into the viral husk[9](#psc2649-bib-0009){ref-type="ref"}. These delivery systems showed relatively high transfection efficiency both *in vitro* and *in vivo* but raising several clinical safety and administration concerns. The latter pushed on the research on non‐viral carriers that have limited side effects if compared with attenuated viruses. In this light, the use of viral components that favor the intracellular uptake of the nanoparticles could be useful in drug delivery strategies. Therefore, sparked by the increasing knowledge on structures and life cycles of several viruses, many virus‐mimicking non‐viral carriers are being developed for therapeutic applications. In the present mini review, we will briefly describe how viral properties can be exploited for intracellular delivery using viral‐derived peptides[10](#psc2649-bib-0010){ref-type="ref"}, modular viral‐derived protein assemblies[11](#psc2649-bib-0011){ref-type="ref"}, and virus nanoparticles (VNPs)[12](#psc2649-bib-0012){ref-type="ref"}.

Mechanism of Viral Entry into Host Cells {#psc2649-sec-0003}
========================================

Once viruses, through one of the entrance doors, gain access into the body of a potential host, they immediately have to overcome the following challenges: (i) penetrating mucus layers, (ii) moving through the bloodstream, and (iii) replicating in living host cells. Replication further involves the delivery of the viral genome into the host cells and use of their intracellular machines. Once it has arrived in the proximity of cells to be infected, critical moments for viral infectious cycle are the following: (i) cellular receptor binding, (ii) internalization, and (iii) uncoating and releasing of viral nucleic acids at the proper site of replication (Figure [1](#psc2649-fig-0001){ref-type="fig"}).

![Viral entry and cellular trafficking.](PSC-20-468-g001){#psc2649-fig-0001}

Depending on the different complexity of the viral particles, various strategies can mediate an efficient infection as a result of the physical interactions between cells and viruses. The most critical barrier is represented by the complex membranous system surrounding and residing within the host cell and consisting in the following: (i) plasma membrane, (ii) a rather dense cytoplasm where molecular traffic is highly restricted and regulated[13](#psc2649-bib-0013){ref-type="ref"}, and (iii) any other membranes that must be crossed in order to access the sites of viral replication or assembly. Viruses consist of an RNA or DNA genome surrounded by either multiple copies of capsid proteins (non‐enveloped viruses) or both capsid proteins and a lipid membrane (enveloped viruses). The size of animal viruses ranges from approximately 25 nm to over 300 nm, and depending on dimension and structure, viruses have acquired different strategies to use and control cell functions. Nowadays, the overall picture of entry of animal virus into the host cell is becoming increasingly complete. In fact, studies performed on several viruses and different cellular systems have shed light on the basic mechanisms of viral entry.

Although the fine molecular details at the interface of virus and cell surface interactions are quite complex and highly variable, the pathways allowing viruses to reach the sites of penetration seem to be limited. In fact, only a few endocytic mechanisms are involved. To bind cell surface, a wide variety of different proteins, lipids, and carbohydrates are used by viruses. These molecules are generally considered attachment factors that simply enable viruses to bind and to concentrate on the cell surface. Other interactions on the cell surface involve real receptors, which in addition to binding, actively promote their entry into cells, mediate conformational changes in the virus particle, and trigger signaling pathways that promote the overall infectious process. Thus, the first and highly specific step of viral infection is binding to the receptors present on the plasma membranes [14](#psc2649-bib-0014){ref-type="ref"}, [15](#psc2649-bib-0015){ref-type="ref"}, which may be either primary receptors or co‐receptors, the latter having lower binding affinities, and being involved only after primary receptors in order to enhance the binding strength[16](#psc2649-bib-0016){ref-type="ref"}. Only few viruses are able of penetrating directly through the cell surface by fusing their envelope with the plasma membrane.

For some species of retroviridae, paramyxoviridae, and herpesviridae, the recognition of specific cell surface receptors triggers the fusion of their envelope with the plasma membrane. The best characterized fusion mechanism is that of HIV‐1. HIV‐1 cellular uptake is mediated by two glycoproteins, namely, gp120 and gp41. Binding of gp120 to the primary receptor, CD4, generates a conformational change of gp120, which determines a further interaction with the chemokine co‐receptors (CCR5 and CXCR4) and the exposure of a hydrophobic fusion peptide present on the *N*‐terminal region of gp41, which inserts into the plasma membrane and drives membrane fusion[17](#psc2649-bib-0017){ref-type="ref"}.

Another example is represented by Herpes simplex virus type 1 (HSV‐1) of the *α*‐herpesvirinae subfamily, which undergoes a fusion event following the engagement of the glycoproteins gB and gD with cellular receptors[18](#psc2649-bib-0018){ref-type="ref"}. Hence, fusion between viral envelopes and plasma membranes leads to the release of capsids into the cytoplasm.

Most viruses (both enveloped and non‐enveloped) undergo endocytosis, a fundamental cellular process involved in the uptake of many macromolecules. Viruses use several endocytic routes for cellular internalization: caveolar and clathrin‐dependent or caveolae‐independent. In clathrin‐mediated endocytosis, a ligand binds to a specific receptor and determines the clustering of the ligand--receptor complexes in coated pits on the plasma membrane, which then invaginates and pinches off from the membrane to form intracellular clathrin‐coated vesicles. Their depolymerization and fusion with each other result in formation of late endosomes that further fuse with lysosomes, where the cargo is degraded[19](#psc2649-bib-0019){ref-type="ref"}. Although lysosomes represent a cul‐de‐sac for many molecules utilizing this cell internalization route, viruses have developed the ability to avoid lysosomal degradation escaping into the cytosol. Therefore, the penetration event follows endosomal internalization and is necessary for the delivery to the cytosol. In the case of enveloped viruses, penetration invariably involves membrane fusion, which, similarly to the already described fusion at the plasma membrane, is mediated by specific viral glycoproteins. The main difference between the two modes of fusion is that once inside the endosome, the viruses fuse their envelope with the limiting membrane of the endocytic vacuoles from the luminal side[20](#psc2649-bib-0020){ref-type="ref"}.

Therefore, membrane fusion represents the common step in the entry of enveloped viruses, regardless of the chosen route and is also an essential and ubiquitous mechanism in most cellular events.

Description of the Structure of Viral Fusion Proteins {#psc2649-sec-0004}
=====================================================

The viral fusion proteins undergo conformational changes as a consequence of either low endosomal pH or receptor binding and this leads to the exposure of hydrophobic peptides, loops, or patches, which then interact with and destabilize one or both the opposing membranes.

Viral fusion proteins undergo significant structural rearrangements from the pre‐fusion to the post‐fusion conformations which lead to the formation of a stable hairpin with the transmembrane and the fusion peptide domains at the same end of the trimeric elongated rod‐like structure. Three different classes of viral fusion proteins (Figure [2](#psc2649-fig-0002){ref-type="fig"}) have been identified to date based on their common post‐fusion structure \[[20](#psc2649-bib-0020){ref-type="ref"}, [21](#psc2649-bib-0021){ref-type="ref"}, [22](#psc2649-bib-0022){ref-type="ref"}, [23](#psc2649-bib-0023){ref-type="ref"}, [24](#psc2649-bib-0024){ref-type="ref"}, [25](#psc2649-bib-0025){ref-type="ref"}, [26](#psc2649-bib-0026){ref-type="ref"}, [27](#psc2649-bib-0027){ref-type="ref"}\]. These are the following: (i) class I fusion proteins, characterized by trimers of hairpins containing a central *α*‐helical coiled‐coil structure (identified in orthomyxoviruses, paramyxoviruses, retroviruses, filoviruses, and coronaviruses), [28](#psc2649-bib-0028){ref-type="ref"}, [29](#psc2649-bib-0029){ref-type="ref"}, [30](#psc2649-bib-0030){ref-type="ref"}, [31](#psc2649-bib-0031){ref-type="ref"}, [32](#psc2649-bib-0032){ref-type="ref"}, (ii) class II fusion proteins, characterized by trimers of hairpins composed of *β* structures (main representatives are members of the Flaviviridae and Togaviridae families), [33](#psc2649-bib-0033){ref-type="ref"}, [34](#psc2649-bib-0034){ref-type="ref"}, and (iii) class III fusion proteins, with the central *α*‐helical trimeric core similar to class I and two fusion loops located at the tip of an enlongated *β*‐sheet similar to class II fusion proteins. The structures [35](#psc2649-bib-0035){ref-type="ref"} of the G protein of vesicular stomatitis virus and of the gB protein of HSV‐1 have been described as class III fusion proteins [36](#psc2649-bib-0036){ref-type="ref"}, [37](#psc2649-bib-0037){ref-type="ref"}. Two more glycoproteins have lately been added to this class, namely, gp64 from baculovirus [38](#psc2649-bib-0038){ref-type="ref"} and gB from Epstein--Barr virus [21](#psc2649-bib-0021){ref-type="ref"}.

![Structure of viral fusion proteins. An example for the three different classes is shown. The fusion pepride is shown in green.](PSC-20-468-g002){#psc2649-fig-0002}

Despite structural differences among the three classes, they induce membrane fusion in a similar manner through the formation of an analogous hairpin structure, which allows fusion peptides to insert into cell membranes and to drive membrane destabilization. Further awesome refolding steps result in the merging of the two lipid layers and the consequent release of the viral nucleocapsid inside the host cells.

Non‐enveloped viruses use a different mechanism for entry, which involves membrane disruption or pore formation to escape the endosomes. The ability to disrupt the endosomal membrane to allow release of the genetic material inside into the cytoplasm needs to be directly dependent on the capsid components, because the cellular membranes are facing not the viral envelope but simply the protein made capsids. The process of non‐enveloped viruses entry is generally started with a mechanism reminiscent of the entry of enveloped viruses, namely, triggering a conformational change of capsid proteins as a consequence of receptor binding or pH lowering. The conformational change allows the release of viral components with membrane lytic activity, which binds to the cell membrane, disrupt the lipid bilayer, and convey the viral particle across the membrane. Therefore, membrane penetration is mediated by short, membrane altering, amphipatic, or hydrophobic sequences contained in proteins, which have undergone a conformation transition, allowing such sequences to interact with membranes [39](#psc2649-bib-0039){ref-type="ref"}.

Despite several salient differences in the mechanism of entry among non‐enveloped viruses, similar events during entry collectively characterize these membrane lytic peptides: induced modifications of capsid proteins resulting in peptide exposure followed by outward projection of peptides able to interact with host membranes and disrupt them, resulting in the delivery of the viral genome inside the host cell. Several short sequences deriving from viral capsids and being able to mediate entry have been identified; for example, some peptides (as the lytic peptides of nodaviruses [40](#psc2649-bib-0040){ref-type="ref"}, picornaviruses, [41](#psc2649-bib-0041){ref-type="ref"} and reoviruses[42](#psc2649-bib-0042){ref-type="ref"}) can be generated by an autocatalytic cleavage step of a precursor, whereas other peptides are derived following a proteolytic activity of cellular enzymes such as in the case of rotavirus [43](#psc2649-bib-0043){ref-type="ref"} and adenoviruses [44](#psc2649-bib-0044){ref-type="ref"} or virally derived proteolysis such as pep46 and additional peptides of birnavirus[45](#psc2649-bib-0045){ref-type="ref"}, [46](#psc2649-bib-0046){ref-type="ref"}.

After being released into the cytosol, viruses and viral capsids use the cytoplasmic transport systems of the cell, moving to sites of replication within the cytosol or the nucleus. Most viruses associate with microtubule‐based motors, such as dynein and dynactin, and move along microtubules toward the nucleus [13](#psc2649-bib-0013){ref-type="ref"}.

Consequently, many viruses, including most DNA viruses and some RNA viruses, need access to the nucleus of the host cell, because they depend on nuclear proteins for ensuing replication[47](#psc2649-bib-0047){ref-type="ref"}, [48](#psc2649-bib-0048){ref-type="ref"}, [49](#psc2649-bib-0049){ref-type="ref"} The nuclear envelope acts as a barrier between the cytoplasm and the nucleus, and transport of molecules into and out of the nucleus is tightly regulated. Therefore, viruses have developed several strategies to reach the nuclear milieu: (i) some viruses gain access to the nucleus during mitosis, when the limiting membrane is temporarily disassembled, (ii) HIV‐1, influenza A virus and others undergo extensive disassembly in the cytoplasm, but the cytoplasmic‐released components contain nuclear localization sequences and are thereby able to cross the nuclear pore using the host transport machinery, (iii) some viral capsids use importins or viral proteins to attach to the cytoplasmic side of the nuclear pore. Interaction with the nuclear pore promotes disassembly and the viral genome is released into the nucleus, (iv) some viral capsids (for example, those of hepatitis B virus) can cross intact nuclear pores for their small size, and (v) some viruses, such as parvoviruses, transiently disrupt the nuclear membrane and lamina and enter the nucleus [50](#psc2649-bib-0050){ref-type="ref"}.

Finally, after using the cellular machinery for genome synthesis and production of new viral proteins, progeny virions are assembled and then released from the cell.

Viral Peptides for Enhanced Intracellular Delivery {#psc2649-sec-0005}
==================================================

The successful clinical use of nanotechnology in the delivery of gene material is greatly because of the specific targeting of weapons to the diseased cells thus reducing the risk derived from the uptake by the normal tissue counterparts. Overcoming the physiological barriers of both cells and tissues can be allowed by the direct transfer across cell membrane involving transient permeabilization or alternatively after endocytosis, through transfer across vesicular membranes by lipid disruption and pore formation. These cell membrane changes can be part of a pathological process that characterizes the viral infections and the propagation of the viral genetic content in the host cells. In fact, the latter requires the permeabilization of cell membranes in order to allow viral penetration.

The alteration of intracellular vesicle trafficking is one of the major limits in the strategies based on the transfer of drugs or genes through the use of non‐viral carriers that have poor side effects and are also poorly efficient because of the endosomal vesicle sequestration [51](#psc2649-bib-0051){ref-type="ref"}. The subsequent fusion of these endosomes with lysosomes can induce the degradation of the pharmacologically active moiety with consequent reduced efficacy. In this light, viruses are a suitable tool in order to design strategies to stealth the endosomal‐lysosomal pathway and the consequent drug sequestration [52](#psc2649-bib-0052){ref-type="ref"}, [53](#psc2649-bib-0053){ref-type="ref"}. Peptide LAH4, from a family of His‐rich peptides, has also been shown to complex DNA and efficiently deliver nucleic acids into eukaryotic cells by pH‐triggered lysis of endosomes[54](#psc2649-bib-0054){ref-type="ref"}, [55](#psc2649-bib-0055){ref-type="ref"}. There are many differences on the viral capsid and membrane proteins and peptides that drive the penetration and endosomal escape depending upon the different classes of viruses. However, the mechanisms involved in the regulation of these biological processes are common and depend upon similar structural characteristics of the viral moieties involved [56](#psc2649-bib-0056){ref-type="ref"}.

Recent work has identified three distinct classes of viral membrane fusion proteins based on the following structural criteria: (i) *N*‐terminal (class I), (ii) internal single loops (class II), and (iii) internal bipartite loops (class III). Fusion peptides strongly interact with the bilayer and undergo conformational changes, which are crucial for membrane fusion. It has been reported that the fusion peptide of influenza enhances the endosomal escape of polyplex [57](#psc2649-bib-0057){ref-type="ref"}, [58](#psc2649-bib-0058){ref-type="ref"} or liposome‐encapsulated proteins[59](#psc2649-bib-0059){ref-type="ref"}, [60](#psc2649-bib-0060){ref-type="ref"}, [61](#psc2649-bib-0061){ref-type="ref"}, [62](#psc2649-bib-0062){ref-type="ref"} by mediating the insertion into the endosomal membrane. MPG is a chimeric peptide comprised of two independent domains. The first 17 amino acids of the *N*‐terminus are derived from glycine‐rich region of the viral gp41 and the hydrophilic *C*‐terminus from nuclear localization signal of the Simian Virus 40 (SV40) large T antigen [59](#psc2649-bib-0059){ref-type="ref"}, [60](#psc2649-bib-0060){ref-type="ref"}. The MPG hydrophobic domain allows the peptide insertion into the membrane; MPG does not enter cells by endocytosis but induces transient membrane destabilization.

Recently, it has been proved that gH625, a peptide derived from the glycoprotein H of HSV‐1, possesses the ability to carry cargo molecules across cell membranes[63](#psc2649-bib-0063){ref-type="ref"}, [64](#psc2649-bib-0064){ref-type="ref"}, [65](#psc2649-bib-0065){ref-type="ref"}, [66](#psc2649-bib-0066){ref-type="ref"}. gH625 interacts with biological membranes, contributing to their merging and is able to traverse the membrane bilayer and transport a cargo into the cytoplasm. The peptide contains particular residues that are crucial for its capacity to interact with target lipid membranes. In particular, it is rich in hydrophobic residues that allow the peptide to enter into the bilayer and destabilize membranes. Fusion peptides are characterized by a typical amphipatic *α*‐helix structure, which mediates lipid--protein interactions during the binding of proteins to membranes, thereby triggering membrane fusion and translocation [67](#psc2649-bib-0067){ref-type="ref"}. Confocal microscopy studies on live cells showed the gH625 ability to cross membrane bilayers (Figure [3](#psc2649-fig-0003){ref-type="fig"}) and translocate into the cytosol as compared with (transactivator of transcription protein from HIV‐1) TAT peptide, which mainly enter cells by endocytosis [68](#psc2649-bib-0068){ref-type="ref"}. A shorter version of this peptide (missing the first histidine at position 625) was investigated in a study by Tu and Kim [69](#psc2649-bib-0069){ref-type="ref"} and found to enhance the transfection efficiency of cationic liposomes more than 30‐fold in human cell lines improving the intracellular penetration of liposomes or lipoplexes. Another example of the suitability of gH625 is given by the effective delivery of intrinsically disordered proteins. A genetically modified recombinant gH625‐c‐prune was prepared through conjugation of c‐prune with gH625. C‐prune is the *C*‐terminal domain of h‐prune, overexpressed in breast, colorectal, and gastric cancers, interacting with multiple partners and representing an ideal target for inhibition of cancer development. Its *C*‐terminal domain results in an intrinsically disordered domain and is easily transduced through biomembranes due to net negative charge of gH625 [70](#psc2649-bib-0070){ref-type="ref"}. gH625‐c‐prune fusion protein exhibited the ability to cross biomembranes, opening a new scenario for the use of gH625 as a novel multifunctional carrier [68](#psc2649-bib-0068){ref-type="ref"}. The successful use of fusogenic peptides in drug delivery systems is dependent on the specific targeting of drugs to tumor cells with minimal toxicity.

![Fluorescence images of viral peptide labeled at 1 μM. In panel A, the peptide is shown in green, in panel B, the Lyso Tracker is shown in red, and panel C, the merge of the two images is shown. Bar = 10 µm.](PSC-20-468-g003){#psc2649-fig-0003}

Modular Viral‐based Vectors {#psc2649-sec-0006}
===========================

The success of new strategies for treatment of diseases relies on the development of delivery devices capable of improving the therapeutic index of biologically active molecules as well as diagnosing the disease site of interest. A fundamental challenge of current diagnostics and therapeutics is the design of a single carrier system that has the potential to deliver therapeutics to the disease site with high fidelity, that is, targeted delivery, and allows both diagnosis and cell delivery, that is, cell penetration and uptake[71](#psc2649-bib-0071){ref-type="ref"}. Nanotechnology has the potential to create platforms that combine targeting and delivery with imaging and targeted cell uptake (theranostics), [72](#psc2649-bib-0072){ref-type="ref"}, [73](#psc2649-bib-0073){ref-type="ref"}. Several classes of biomaterials can serve as platform for theranostics and are promising drug delivery carriers; they include nanocrystals, liposomes, virosomes, nanoemulsions, polymer protein conjugates, nanocomplexes, and nanoparticles[71](#psc2649-bib-0071){ref-type="ref"}, [74](#psc2649-bib-0074){ref-type="ref"}, [75](#psc2649-bib-0075){ref-type="ref"}, [76](#psc2649-bib-0076){ref-type="ref"}, [77](#psc2649-bib-0077){ref-type="ref"}. According to the nanoparticle versatility, diagnostic and therapeutic drugs can be either physically encapsulated or covalently conjugated to nanoparticles (Figure [4](#psc2649-fig-0004){ref-type="fig"}). The carrier composition, shape, and surface decoration dictate its *in vivo* behavior and its actual translation into clinical use. The dimension of the nanosystem may be comprised between 1 and 1000 nm; but it is widely accepted that its diameter for cancer therapy should be in the range 10--100 nm, in order to make it easily penetrate the leaky tumor vasculature and accumulate within the tumor tissue.

![Multifunctional nanosystem with a choice of drug delivery vehicle, molecular imaging agent, tumor targeting ligand, synthetic and biological therapeutics with stealth properties.](PSC-20-468-g004){#psc2649-fig-0004}

Liposomal aggregates are the oldest nanotherapeutic platform and have attracted great attention due to their success as *in vivo* carriers of both hydrophilic (entrapped in the aqueous core) and hydrophobic (entrapped within the lipid membrane) drugs [78](#psc2649-bib-0078){ref-type="ref"}, [79](#psc2649-bib-0079){ref-type="ref"}, [80](#psc2649-bib-0080){ref-type="ref"}, [81](#psc2649-bib-0081){ref-type="ref"}, [82](#psc2649-bib-0082){ref-type="ref"}. Liposomes, with size ranging in mean diameter from 50 to 300 nm, display unique pharmacokinetic properties and can be adapted to a wide range of therapeutic agents. Liposomes are non‐toxic, biodegradable, and non‐immunogenic; encapsulated drugs are protected from chemical or metabolic degradation after injection and their toxicity is reduced thanks to the decreased exposure of the drug to susceptible healthy tissues and increased antitumor activity resulting from a relatively long systemic circulation time (achieved through surface modification with polyethylene glycol or other polymers), an extended exposure, and tumor selective accumulation in sites of tumor growth. The association of a drug with liposomes markedly changes its pharmacokinetic and pharmacodynamic properties and lowers systemic toxicity; moreover, in order to enhance the antitumor efficacy, many research groups are also working to improve cellular internalization of liposomes through the addition of surface ligands such as penetratin, TAT, and membranotropic [83](#psc2649-bib-0083){ref-type="ref"}, [84](#psc2649-bib-0084){ref-type="ref"}.

Dendrimers are hyperbranched polymeric molecules with a nearly perfect 3D geometrical architecture and their unique branched topologies provide a platform for coupling of drugs and targeting moieties [85](#psc2649-bib-0085){ref-type="ref"}. As dendrimer generation increases, the end groups at their periphery become more closely packed, which allows to achieve concentrated payloads of drugs or spectroscopic labels for therapeutic and imaging applications [86](#psc2649-bib-0086){ref-type="ref"}. In order to enhance their cellular uptake, dendrimers have been coupled to cationic cell‐penetrating peptides as well as membranotropic peptides[87](#psc2649-bib-0087){ref-type="ref"}.

Core nanoparticles are also a common platform for nano‐biosystem construction, and the core material may display unique properties for stability and or detection. Nanoparticles of very different shapes and compositions have been developed including synthetic or natural polymers and inorganic materials such as iron oxide, quantum dots, and gold[68](#psc2649-bib-0068){ref-type="ref"}, [88](#psc2649-bib-0088){ref-type="ref"}, [89](#psc2649-bib-0089){ref-type="ref"}, [90](#psc2649-bib-0090){ref-type="ref"}, [91](#psc2649-bib-0091){ref-type="ref"}, [92](#psc2649-bib-0092){ref-type="ref"}.

Numerous groups are working on novel multicomponent carriers, which use packaging strategies to mimic viruses. Most of them are obtained by the mere linear fusion of their components. They include multifunctional fusion proteins using signaling and transport domains from diverse organisms assembled in a single protein \[[93](#psc2649-bib-0093){ref-type="ref"}\]. Favaro *et al.*, \[[94](#psc2649-bib-0094){ref-type="ref"}\] recently reported the obtainment of the multifunctional protein derived from the fusion of the recombinant human dynein light chain Rp3, an *N*‐terminal DNA binding domain and the *C*‐terminal TAT sequence. This multifunctional fusion protein was intended to mimic viral vectors that take advantage of the microtubules for a faster intracellular movement toward the nucleus. Hatakeyama *et al.* [95](#psc2649-bib-0095){ref-type="ref"} demonstrated that introduction of both pH‐sensitive fusogenic glutamic acid‐alanine‐leucine‐alanine repeat peptide (GALA) peptide and PEG‐Peptide‐DOPE conjugate (PPD) facilitates nanoparticle endosomal escape, thereby enhancing the efficiency of siRNA delivery and gene silencing; El‐Sayed *et al.* [96](#psc2649-bib-0096){ref-type="ref"} described a novel stearylated derivative of the endosome‐disrupting peptide, INF7 derived from the influenza virus hemagglutinin protein, which allowed preparation of a multifunctional envelope‐type nano device that mimics the structure of the influenza virus.

Viral Nanoparticles as Delivery Vehicles {#psc2649-sec-0007}
========================================

New nanocarrier platforms based on natural biological building blocks offer great promises for the development of variety of application in nanotechnology. A typical example of natural molecular assemblies and containers is represented by virus‐based nanoparticles, which are nanocages or nanorods assembled from capsid proteins of viruses obtained exploiting the recent and rapid advances in protein engineering and material science. Virus‐like particles (VLPs) are multi‐subunit protein complexes able to self‐assemble and form higher‐order structures mimicking native 3D conformation of viruses. The main difference with native viruses is that VLPs do not carry, hidden into the capsid protective shell, the viral genetic material but are empty cases or incorporate selected pieces of genetic material. Therefore, VLPs lacking a complete viral genome are unable to replicate and non‐infectious. Over the last three decades, VLPs have been demonstrated very useful for the production of safe vaccines [97](#psc2649-bib-0097){ref-type="ref"}, [98](#psc2649-bib-0098){ref-type="ref"}, and the first vaccine approved by the Food and Drug Administration in 1986 was the vaccine against hepatitis B virus. From many points of view, VLPs are indistinguishable from VNP, in fact, the basic strategy behind the production of VLP and VNP is exactly the same: genetic engineering of capsid protein and their expression in microbial factories (e.g., bacteria, yeast, insect cells, mammalian cells, and plants). The principal difference is that VNPs are intended for creating novel material to be applied to the broader field of nanotechnology to solve different material‐based problems and in the scope of the present review for drug delivery. Because of the appropriate size generally ranging from 20 to 200 nm, their homogeneity, possible functionalization, easy of modification through chemical and genetic routes, and possibility of convenient preparation and scale up in microbial factories VNP are emerging as the most promising platform for gene and drug delivery applications [12](#psc2649-bib-0012){ref-type="ref"}, [99](#psc2649-bib-0099){ref-type="ref"}, [100](#psc2649-bib-0100){ref-type="ref"}. Plant and animal viruses and also bacteriophages have been employed for producing VNPs. The principal plant viruses include Tobacco Mosaic Virus (TMV), Brome Mosaic Virus, Cowpea Chlorotic Mottle Virus (CCMV), and Red Clover Necrotic Mosaic Virus, whereas animal viruses are principally represented by SV40, Alphavirus, Polyoma JC virus, and adenovirus. Some phages such as bacteriophages M13 and MS2 and have also been explored for the construction of VNPs (Table [1](#psc2649-tbl-0001){ref-type="table"}).

###### 

Virus nanoparticles employed in biomedicine

                                             VIRUS (short name)                     Symmetry      Size (nm)   Application in biomedicine           References                                     
  ------------------------------------------ -------------------------------------- ------------- ----------- ------------------------------------ ---------------------------------------------- ----------------------------------------------
  Plant viruses                              Cowpea Chlorotic Mottle Virus (CCMV)   Icosahedral   28          18                                   Biocompatible nanoplatforms                    \[[104](#psc2649-bib-0104){ref-type="ref"}\]
  Cowpea Mosaic Virus (CPMV)                 Icosahedral                            28            20          Doxorubicin delivery                 \[[101](#psc2649-bib-0101){ref-type="ref"}\]   
  Red Clover Necrotic Mosaic Virus (RCNMV)   Icosahedral                            35            17          Multifunctional cell targeting VNP   \[[102](#psc2649-bib-0102){ref-type="ref"}\]   
  Animal viruses                             Adenovirus                             icosahedral   90          62                                   Anticancer bleomycin (BLM) delivery            \[[107](#psc2649-bib-0107){ref-type="ref"}\]
  Simian virus 40 (SV40)                     icosahedral                            50            36          Nanoplatform for therapeutic use     \[[106](#psc2649-bib-0106){ref-type="ref"}\]   
  Polyomavirus (JCV)                         Icosahedral                            45            32          Drug‐releasing VNP                   \[[106](#psc2649-bib-0106){ref-type="ref"}\]   
  Bacteriophages                             MS2                                    Icosahedral   27          21                                   RNA, DNA‐based drugs delivery                  \[[108](#psc2649-bib-0108){ref-type="ref"}\]
  P22                                        Icosahedral                            64            54          Nanoscale MRI contrast agent         \[[109](#psc2649-bib-0109){ref-type="ref"}\]   
  Q*β*                                       Icosahedral                            27            21          Imaging agents delivery              \[[110](#psc2649-bib-0110){ref-type="ref"}\]   
  M13                                        Helical                                6.6 × 880     ---         Convection‐enhanced delivery         \[[111](#psc2649-bib-0111){ref-type="ref"}\]   

There are mainly two ways to design a VNP‐carrying pharmaceutical molecules or heterogeneous genetic material as a cargo: (i) the therapeutic cargo can be encapsulated inside the capsid, and (ii) the therapeutic cargo is attached on the surface of the nanoparticle (Figure [5](#psc2649-fig-0005){ref-type="fig"}). Several viruses have been proved to be amenable to both chemical and genetic manipulation of their inner cavity as well as the outer surface, so that the further attachment of drug molecules is rendered feasible. The tools of molecular biology allows for the engineering of capsid proteins subunits by modifying amino acid residues at key position within the assembled structure. This allows for the precise spatial and numerical control of reactive functional groups for the chemical attachment of ligands.

![Viral capside nanocarriers that transport bioactive molecules on their surface or internalized in their core.](PSC-20-468-g005){#psc2649-fig-0005}

The plant virus Cowpea mosaic virus (CPMV) with a covalent modification linking doxorubicin, an anticancer drug, to the capsid shell has been explored for its potential application in anticancer therapy [101](#psc2649-bib-0101){ref-type="ref"}. When doxorubicin was conjugated through a stable amide bond to the CPMV carrier system, the formulation induces time‐delayed, but enhanced, toxicity to HeLa cells compared with free drug. Other plant viruses used to create VNP carriers for doxorubicin are Red clover necrotic mosaic virus [102](#psc2649-bib-0102){ref-type="ref"} and Hibiscus chlorotic ringspot virus [103](#psc2649-bib-0103){ref-type="ref"}. When VNPs loaded with doxorubicin and armed with a targeting peptide were delivered to HeLa cells, a cytotoxic effect was observed.

Investigations on biodistribution and clearance of non‐targeted CCMV [104](#psc2649-bib-0104){ref-type="ref"}, a member of the Bromoviridae family, showed a broad distribution and movement throughout most mice tissues and organs, rapid excretion, absence of long term persistence within tissue and organs, and no toxicity after a single injection, suggesting the possibility to use CCMV as a safe and biocompatible nanoplatforms for applications in biomedicine. For accurate diagnosis of this inflammatory disease, molecular imaging is becoming a necessity, and the plant viral nanoparticle platform based on TMV has been explored in order to target vascular cell adhesion molecule‐1[105](#psc2649-bib-0105){ref-type="ref"}, which is highly expressed on activated endothelial cells at atherosclerotic plaques. TMV was modified to carry near‐infrared dyes and chelated Gd ions to build a multimodal probe in magnetic resonance and optical imaging to be used in an atherosclerotic ApoE‐/‐ mouse model. The obtained results indicated molecular targeting of atherosclerotic plaques.

In the case of animal viruses, the main examples of VNP construction have been provided by JC virus, SV40, and adenovirus. JC polyomavirus was employed to realize a drug‐releasing VNP in which the release mechanism is triggered by changes in pH [106](#psc2649-bib-0106){ref-type="ref"}. VNPs were composed of a major coat protein, VP1, and inner core protein, VP2, which was used to anchor the hexahistidine motif (His6) tags into the inside of the VNP. The His6 tag allowed a specific and reversible attachment for drug molecules that can enter through the 1 nm pores present on the VNP and be released when the pH is lowered as a consequence of the protonation of histidines. While a dodecahedron based on adenovirus composed of 12 copies of a pentameric viral protein responsible for virus penetration was used to deliver the lipophilic, non‐permeant, and labile anticancer antibiotic bleomycin (BLM)[107](#psc2649-bib-0107){ref-type="ref"}. Successful BLM delivery by such a vector consisted in significantly improved drug bioavailability. Importantly, the adenovirus dodecahedron formed VNPs much smaller than the virion itself and with different intra‐particle interactions.

Finally, also, bacteriophages have been used for the production of delivery vectors. Bacteriophage MS2‐based VNPs were able to selectively deliver nanoparticles, chemotherapeutic drugs, siRNA cocktails, and protein toxins to human hepatocellular carcinoma (HCC), [108](#psc2649-bib-0108){ref-type="ref"}. MS2 VNPs had been modified with a peptide (SP94) that can bind to HCC and can deliver high concentrations of encapsidated cargo to the cytosol of HCC cells. SP94‐targeted VNPs loaded with doxorubicin, cisplatin, and 5‐fluorouracil selectively killed the HCC cell line, Hep3B, at nanomolar concentrations. VNPs that encapsidate a siRNA cocktail, silencing expression of cyclin family members, induced growth arrest and apoptosis of Hep3B at picomolar concentrations, showing that MS2 VNPs can be easily modified and can specifically encapsidate a variety of disparate cargos inducing selective cytotoxicity of cancer *in vitro*.

Concluding Remarks {#psc2649-sec-0008}
==================

The intracellular uptake of drugs or nucleic acid for the treatment of human diseases is an important challenge in medicine and requires multidisciplinary efforts in order to be successful. Nanotechnologies have been increasingly used in order to design and develop nanometric carriers for the delivery of therapeutic agents in the diseases, tissues, and cells. The teachings coming from the virus world could be enormously useful in order to enhance the delivery potential of such nanocarriers. Viruses are naturally evolved nanoparticles able to efficiently deliver genetic material through physiological barriers such as the cellular membranes. The mechanisms by which viruses infect cells and cross the membranes could be extremely useful in order to design strategies based upon both the use of the viral capsids as nanocarriers themselves and the decoration of nanocarriers with cell‐penetrating peptides of viral origin. These strategies could be successful in both favoring the delivery in diseased tissues and in favoring their penetration in diseased cells. The tight interaction between different biomedical scientists (microbiologists, biochemists, chemists, pharmacologists, and medical doctors) could represent the way to see the light at the end of the tunnel: how to efficiently deliver a drug to a diseases\' tissue sparing the normal counterpart.
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